Previous studies have shown that biochar fertilization has profound effects on plant and fine root growth, but there is a lack of studies on how changes in plant and soil stoichiometry by biochar fertilization influence plant growth and root morphology. We investigated the effects of biochar fertilization on biomass, root morphology, plant nutrient concentrations, and the stoichiometry of plants and soil in a greenhouse experiment with Pinus massoniana (Lamb.) (PM) and Cunninghamia lanceolata (Lamb.) Hook. (CL) throughout the 2017 growing season immediately following biochar fertilization application. Four levels of biochar treatment were used, i.e., addition rates of 0 (control), 5 (low biochar), 10 (medium biochar), and 20 t ha −1 (high biochar). Biochar fertilization had no effect on biomass, fine root length, or fine root surface area. Biochar treatment, however, had significant effects on nutrient levels and their stoichiometry in both plants and soil. Detrended correspondence analysis suggested that increases in soil C:N, soil C:P, and soil N:P were associated with increases in plant nutrient levels, especially P concentration. Our results indicate that biochar fertilization prioritizes enhancing plant and soil nutrients over increasing height and diameter in the first growing season. A higher biochar fertilization dosage has a major influence on root morphology for PM and on P concentrations in the plant and soil for CL, probably through different growth characteristics and nutrient resorption rates. Further studies, particularly those considering long-term effects, are necessary before general recommendations regarding biochar application should be given.
Introduction
Biochar application to soil is receiving increasing attention as a potential way to promote nutrient cycling, reduce soil CO 2 emissions, and enhance carbon (C) sequestration [1, 2] . It has also been reported that biochar application to forest soil could change the soil environment and thereby benefit plant The specific objectives of this study were (1) to determine the response of plant and soil nutrients and the corresponding stoichiometry to biochar fertilization; (2) to quantify the effects of biochar on above and belowground biomass, and therefore biomass allocation and root morphology of P. massoniana (PM) and C. lanceolata (CL); and (3) to clarify the stoichiometric relationships of plants and soil, and the regulation of above and belowground growth.
Materials and Methods

Study Site and Soil Collection
The greenhouse experiment was carried out in a nursery in Sanqiao (119.95 • E, 29.48 • N), Fuyang District, Zhejiang Province, China. This region has a typical subtropical humid monsoon climate, with a mean annual temperature of 16.1 • C and mean annual precipitation of 1441.9 mm, most of which falls between April and September.
Potting soil from 0-15 cm was collected from PM forests in Miaoshanwu Nature Reserve, air-dried, and sieved through a 2 mm mesh screen (to remove stones and biological material) before use. The soil is classified as Haplic Luvisol derived from granite [26] . The initial chemical properties were analyzed according to the methods of Ge et al. [27] : soil organic C (SOC) 18.70 ± 2.63 g kg −1 , soil total N (STN) 0.91 ± 0.12 g kg −1 , soil total phosphorus (STP) 11.20 ± 0.08 g kg −1 , soil hydrolysis N (SHN) 96.1 ± 23.9 mg kg −1 , soil available P (SAP) 3.81 ± 0.86 mg kg −1 , soil available potassium (SAK) 76.05 ± 24.7 mg kg −1 and pH 4.80 ± 0.23.
Plant Material and Biochar Treatments
One-year-old PM (mean initial height 58.35 ± 1.02 cm and base diameter 6.47 ± 0.58 mm) and CL (mean initial height 41.29 ± 0.96 cm and base diameter 6.59 ± 0.47 mm) saplings with a similar height and base diameter were obtained from a field nursery in Lishui, Zhejiang Province, and planted in plastic pots (9.0 L, 25 cm in diameter, 27 cm in height) in March 2017. The biochar applied in this experiment was derived from bamboo branches and was produced through slow pyrolysis at 500 • C for 3 h by Yaoshi Biochar Industry Corporation (Lin'an, Zhejiang, China). The biochar was composed of 78.5% C, 0.79% N, 0.12% P, 0.78% K, and 17.4% ash. It had a pH of 9.02, a specific surface area of 295 m 2 g −1 , a pore volume of 0.04 cm 3 g −1 and an apparent density of 0.15 g mL −1 .
According to the study by Tammeorg et al. [28] and the local bamboo fertilization management level, biochar applied in soils included four dosing levels: 0 (control, CK), 5 (low biochar addition, LB), 10 (medium biochar addition, MB), and 20 t ha −1 (high biochar addition, HB), which were equivalent to application rates of 0% (control), 0.32% (low biochar addition), 0.64% (medium biochar addition), and 1.28% (w/w) (high biochar addition). Biochar was mixed with the air-dried soil homogenously before application. All plastic pots were filled with 6.0 kg of the prepared soil or the mixture of soil and biochar. Each plot was managed at 65% of the maximum water holding capacity of the soil in the respective treatment. For each species, ten replicates per treatment were prepared and all the pots were randomly positioned in the greenhouse. Six healthy replicates of similar size were harvested on 1 November 2017.
Growth and Root Morphology Measurements
Before the harvest, the height and base diameter of the six randomly selected plants from each treatment were measured. Plants were then cut at the stem base and divided into leaves and shoots. Roots were harvested and then carefully washed using deionized water to remove tightly bound soil and biochar particles. The net height and diameter growth rates were calculated as: x = 100% × (height or diameter at harvest−initial height or diameter)/initial height or diameter.
Root samples were taken to the laboratory in an ice box within two hours after harvesting. The fine root (<2 mm in diameter) samples were scanned with a root scanner (Modified Epson Expression 10000XL) and then the images were analyzed with the software WinRhizo (Regent Instruments Inc., Québec, QC, Canada). WinRhizo divided fine roots into three diameter classes, i.e., 0-0.5 mm, 0.5-1.0 mm, and 1.0-2.0 mm. The output from the image analysis included root length (cm), root volume (cm 3 ), mean root diameter (mm), and root surface area (cm 2 ). For each treatment, the results from six plants were averaged. Fine root samples after scanning, together with leaves, shoots, and coarse roots, were deactivated at 105 • C and then dried at 70 • C until a constant mass was reached and weighed to determine dry biomass production.
Tissue and Soil Chemical Analysis
Soil samples were collected at harvest, passed through a 2 mm mesh sieve and air-dried in the laboratory for chemical analysis. Soil pH was determined using a soil:deionized water paste (1:2.5) (v/v). SOC was measured using the wet digestion method with K 2 Cr 2 O 7 [27] . STN and STP were measured with the methods described by Miller and Keeney [29] . Soil moisture content was measured using the difference in weight between fresh soil (20 g ) and soil dried at 105 • C for 24 h. Plant organic C concentration (C) was measured by the wet digestion method with K 2 Cr 2 O 7 [30] . Plant total N concentration (N) was determined by combustion in a UK152 Distillation and Titration Unit (DK20 Heating Digester, Italy). Plant total P concentration (P) was measured with an IRIS Instrepid II XSP (Thermo Elemental Systems, Waltham, MA, USA) after digestion of the samples in a mixture of 7.5 mL HNO 3 and 2.5 mL HCl. Mobile sugar and starch were determined according to methods described by [31] . The starch concentration in the extraction was measured using an ethanol-insoluble pellet, and the sugar and starch concentrations were measured spectrophotometrically (ultraviolet-visible spectrophotometer 752 S, Cany Precision Instruments Co., Ltd., Shanghai, China) at 620 nm using the anthrone method. Tissue nonstructural carbohydrates (NSC) were calculated as the sum of the sugar and starch concentrations for each tissue [31] .
All chemical analyses of each sample were repeated three times. These methods were guided by the Observation Methodology for Long-term Forest Ecosystem Research of the National Standards of the People's Republic of China (GB/T 33027-2016).
Statistical Analysis
Quantile-quantile plots were used to check the normality of distribution before any statistical analyses. Two-way ANOVAs were performed to assess the effects of species, biochar treatment, and their interaction on plant biomass, nutrients, NSC, soil properties, and stoichiometric characteristics, and means were compared with Tukey's test after confirmation of significant differences. Detrended correspondence analysis (DCA) was conducted using Canoco 5.0 (Wageningen, The Netherlands) and Pearson's correlation analysis using SPSS 19 (SPSS, Inc., Chicago, IL, USA) to assess the relationships between plant growth and stoichiometry in the plants and soil under the biochar treatments and the control. SPSS 19 was used for all other statistical analyses. The significance level used for all statistical tests was p ≤ 0.05.
Results
Effects of Biochar Fertilization on Sapling Growth
The responses of growth parameters to biochar treatment differed significantly between species (all p ≤ 0.05, Table 1 ) except for diameter. Biochar fertilization had no effect on plant biomass, height, or diameter (all p > 0.05, Table 1 ), but the interaction between biochar fertilization and species on plant final height was significant (p = 0.021, Table 1 ). Compared to thecontrol, low biochar addition significantly promoted PM height growth by 40.3%, and high biochar addition increased the CL height increment by 78.4% ( Figure A1 ). Biochar treatment did not affect base diameter increment for either of the two species (p > 0.05, Figure A1 ). 
Effects of Biochar Fertilization on SOC, STN, STP, and Stoichiometry
Biochar fertilization had a significant effect on soil SOC, STN, and STP (p < 0.001, Table 1 ). Compared with the control, biochar fertilization (except medium biochar addition for PM) significantly increased SOC by 26.6%-45.8% in PM and 37.8%-65.0% in CL (p ≤ 0.05, Figure 1a ). Biochar addition significantly increased STN and STP only in high biochar addition for PM and in low biochar addition and high biochar addition for CL (p ≤ 0.05, Figure 1b significantly increased SOC by 26.6%-45.8% in PM and 37.8%-65.0% in CL (p ≤ 0.05, Figure 1a ). Biochar addition significantly increased STN and STP only in high biochar addition for PM and in low biochar addition and high biochar addition for CL (p ≤ 0.05, Figure 1b ,c). There was a significant effect of biochar fertilization on soil C:N and soil C:P (p < 0.01, Table 1 ) but not on soil N:P (p > 0.05, Table 1 ). Biochar fertilization significantly increased soil C:N in medium biochar addition and high biochar addition for PM but only in medium biochar addition for CL (p < 0.01, Figure 1d ). All biochar fertilization treatments significantly increased soil C:P, for both PM and CL (p < 0.001, Figure 1e ). Soil N:P increased significantly only in high biochar addition for PM (p ≤ 0.05, Figure 1f ). 
Effect of Biochar Fertilization on Fine Root Morphology
The responses of different root diameter classes to biochar fertilization varied significantly between species (p < 0.001, Table 2 ), but biochar fertilization treatment only had a significant effect There was a significant effect of biochar fertilization on soil C:N and soil C:P (p < 0.01, Table 1 ) but not on soil N:P (p > 0.05, Table 1 ). Biochar fertilization significantly increased soil C:N in medium biochar addition and high biochar addition for PM but only in medium biochar addition for CL (p < 0.01, Figure 1d ). All biochar fertilization treatments significantly increased soil C:P, for both PM and CL (p < 0.001, Figure 1e ). Soil N:P increased significantly only in high biochar addition for PM (p ≤ 0.05, Figure 1f ).
The responses of different root diameter classes to biochar fertilization varied significantly between species (p < 0.001, Table 2 ), but biochar fertilization treatment only had a significant effect on the number of fine root tips in the 1.0-2.0 mm class (p = 0.041, Table 2 ). Biochar fertilization had no effect on total fine root length (p > 0.05, Table 2 ), total fine root surface area (p > 0.05, Table 2 ), and total number of fine root tips (p > 0.05, Table 2 ), but it had a significant effect on total fine root volume (p = 0.024, Table 2 ). There was a significant interactive effect between biochar and species on the number of fine root tips (p = 0.042, Table 2 ). Table 2 . Results of two-way ANOVA on effects of species (Pinus massoniana and Cunninghamia lanceolata), biochar treatment, root diameter class, and their interaction on fine root length, fine root surface area, fine root volume, and number of fine root tips. Note: The F-values and p-values are presented the effect of species, biochar and the their interaction on fine root length, fine root surface area, fine root volume and the numbers of fine root tips for total fine roots, 0-0.5 mm roots, 0.5-1.0 mm roots, and 1.0-2.0 mm roots, p ≤ 0.05 are shown in bold.
When the tree species were analyzed separately, high biochar addition significantly increased the 1.0-2.0 mm class fine root length for PM (p ≤ 0.05, Figure 2a) , low biochar addition significantly enhanced the 0-0.5 mm class fine root length, and medium biochar addition significantly reduced the 1.0-2.0 mm class fine root length for CL (p ≤ 0.05, Figure 2b ). Fine root surface area and fine root volume were similar under biochar addition for both PM and CL (Figure 2c-f) . Compared with the control, high biochar addition significantly enhanced the 1.0-2.0 mm class fine root surface area and fine root volume by 75.0% and 71.3%, respectively, for PM, while medium biochar addition significantly reduced these parameters by 28.4% and 27.5%, respectively, for the 1.0-2.0 mm class (Figure 2c-f) . The number of fine root tips in the 0-0.5 mm class differed significantly between low biochar addition and high biochar addition for both species (p ≤ 0.05, Figure 2g ,h).
Effects of Biochar Fertilization on Plant Nutrients and Stoichiometry
There was a significant effect of biochar fertilization on the C concentration in leaves and shoots (p ≤ 0.05) but not in roots (p > 0.05) (Table 3, Figure 3a ,b). Two-way ANOVAs implied that biochar significantly affected N and P concentration in leaves, N concentration in roots and P concentration in shoots (p < 0.05) (Table 3, Figure 3c -f). Biochar significantly enhanced the NSC concentration in leaves (except high biochar addition for CL) and roots (p ≤ 0.05, Figure 3g ,h), but NSC did not decline significantly in shoots for either PM or CL (except high biochar addition) (p > 0.05, Figure 3g ,h).
enhanced the 0-0.5 mm class fine root length, and medium biochar addition significantly reduced the 1.0-2.0 mm class fine root length for CL (p ≤ 0.05, Figure 2b ). Fine root surface area and fine root volume were similar under biochar addition for both PM and CL (Figure 2c-f Medium biochar addition significantly increased the N to P ratio of roots for PM (p ≤ 0.05, Figure 4c ), whereas all biochar fertilization addition treatments significantly decreased the N to P ratio of leaves and shoots for CL (p ≤ 0.05, Figure 4a,b) . The variation in the sugar to starch ratio of leaves in medium biochar addition and of roots in low biochar addition were significantly higher than that in control for PM (p ≤ 0.05, Figure 4d,f) . A significant interactive effect between biochar dosage and species on the sugar to starch ratio in roots was detected (p ≤ 0.05, Table 3 ). 
Relationships of Stoichiometry between Plants and Soil under Biochar Fertilization
The first two ordination axes of the detrended correspondence analysis (DCA) could account for 75.9% (first axis) and 15.5% (second axis) of the stoichiometric relationships for CK, 80.6% and 7.1% for LB, 84.0% and 6.5% for MB, and 81.9% and 1.8% for HB (Figure 5a-d) . Biochar fertilization enhanced the interactive effect of soil C:N, soil C:P, and soil N:P on the plant nutrients and stoichiometry, especially the P concentration and the sugar to starch ratio in leaves, shoots, and roots (Figure 5b-d) .
The first two ordination axes of the detrended correspondence analysis (DCA) could account for 75.9% (first axis) and 15.5% (second axis) of the stoichiometric relationships for control, 80.6% and 7.1% for low biochar addition, 84.0% and 6.5% for medium biochar addition, and 81.9% and 1.8% for high biochar addition (Figure 5a-d) . Biochar fertilization enhanced the interactive effect of soil C:N, soil C:P and soil N:P on the plant nutrients and stoichiometry, especially the P concentration and the sugar to starch ratio in leaves, shoots, and roots (Figure 5b-d) .
Significant relationships were found between plant and soil nutrients, as well as stoichiometry, under biochar fertilization (Table 4) . SOC was positively correlated with the P concentration in leaves 
Significant relationships were found between plant and soil nutrients, as well as stoichiometry, under biochar fertilization (Table 4) . SOC was positively correlated with the P concentration in leaves and shoots, as well as with the sugar to starch ratio, but was negatively correlated with the N to P ratio in shoots under biochar fertilization. Significant positive relationships between soil C:N and the N and P concentrations and the sugar to starch ratio in leaves and the P concentration in shoots were detected, and negative relationships were found with the N to P ratio in shoots and the C concentration in roots (Table 4) . and shoots, as well as with the sugar to starch ratio, but was negatively correlated with the N to P ratio in shoots under biochar fertilization. Significant positive relationships between soil C:N and the N and P concentrations and the sugar to starch ratio in leaves and the P concentration in shoots were detected, and negative relationships were found with the N to P ratio in shoots and the C concentration in roots (Table 4 ). Note: p ≤ 0.05 are shown in bold. * p < 0.05, ** p < 0.01. NSC: Non-structural carbohydrates; RNP: plant N to P ratio; RSS: plant sugar to starch ratio; SOC: soil organic C; STN: soil total N, STP: soil total P.
Discussion
Effects of Biochar Fertilization on Plant Growth and Fine Root Morphology
In this study, biochar application to soil had no effect on plant biomass for either species ( Table 1) , suggesting that such fertilization has only a minor effect on plant dry matter accumulation over a short period [32] . One important reason why biochar fertilization did not influence plant biomass may be desiccation, because application in spring, as in the present study, may cause water shortage in soils through water absorption in the biochar [33] . The second reason was the distribution of biochar application in soil; homogeneously mixed biochar addition had no significant effect on total biomass [5] . Biochar fertilization did not lead to enhanced total root biomass (Table 1 ) but had a significant positive effect on fine root volume and the number of fine root tips (1.0-2.0 mm diameter class) for both PM and CL (Table 2) , and thus the root zones for capturing resources from the soil were enhanced with the increase of root investment [22] . These results may be attributed to a later higher water availability in amended zones and increased soil available nutrients (especially P concentration in leaves) ( Table 4 ). In addition, better root development caused by biochar fertilization may be related to a decrease in soil resistance to root penetration [34] or to indirect interactions between plants and organic labile compounds in the biochar.
In this study, there was a significant positive effect of biochar fertilization on root morphology in the 1.0-2.0 mm diameter class in PM under high biochar addition and in the 0-0.5 mm class in CL under low biochar addition (Figure 2a-f) , indicating that biochar addition effects on root growth varied with root class and tree species. In this study, CL, a fast-growing species, may develop more 0-0.5 mm fine roots to satisfy rapid growth by absorbing water and nutrients with the increase of P concentration, compared with the increase of root diameter [35] . Biochar addition showed a positive effect on plant height and diameter in this study, possibly because of the changes in root morphology [36] . The enhanced plant height and diameter growth observed in our study ( Figure A1 ) may have been due to the link between root hairs (and effects on soil).These changes led to greater nutrient uptake and thus growth by the enhanced bacterial diversity or the exudation of enzymes [37, 38] . In addition, we found that medium biochar addition led to a decline in fine root length, surface area, and volume in the 1.0-2.0 mm class for CL (Figure 2b,d,f) , suggesting that medium biochar addition may restrain the growth of this size class. This result indicates that CL has a different adaptive strategy, growing in more barren soil than PM, which resulted in the observed difference in root biomass. In conclusion, altered root morphology, enhanced nutrient availability, and increased soil nutrient concentrations under biochar addition can have a positive effect on plant biomass (although not significant in the first growing season) [39] by increasing uptake of available N [40] and reducing soil phytotoxicity.
In this study, the increased net height of CL and net diameter of PM under high biochar addition ( Figure A1 ) were associated with increased N and P in leaves for CL and in shoots for PM ( Figure 5 ). This result suggests that a mobilization of N and P from soil towards the leaves and shoots can improve the nutrient use efficiency of plants through an interaction between the soil and biochar, indicating that the nutrients from biochar fertilization can enhance plant height and base diameter growth but not net biomass accumulation. The results also indicate that increasing biochar levels can significantly increase tissue macronutrient contents and nutrient stoichiometry [13] , although a significant negative effect was observed for the tissue N to P ratio. Woldetsadik et al. [41] also showed that aboveground biomass was positively correlated with the P concentration in stems and negatively correlated with the N to P ratio in stems. Therefore, biomass allocation to roots with a high N to P ratio was less than that to roots with a low N to P ratio but a similar growth rate [38] , indicating that the change in plant nutrient concentrations and absorption patterns were partly correlated with biochar through a shift in plant nutrient stoichiometry [13] .
Effects of Biochar Fertilization on Plant Nutrients in Relation to Soil Nutrients
Significantly increased N and P concentrations in shoots of PM, and increased N concentration in leaves and P concentration in leaves and shoots of CL under high biochar addition (Figure 3c-f) indicated that increasing biochar dosage led to significantly enhanced N and P concentrations in specific tissues. We found that low biochar addition led to a significant decrease in the N and P concentrations in the roots of PM and in the N concentration in the roots of CL (Figure 3c-e) , suggesting that biochar may influence nutrient flows between the soil and plants via nutrient absorption by roots. Specifically, PM may have lower proportional N and P resorption, and CL may show lower N resorption, because roots of CL may have a more soil phosphorus activation compared with PM [35] . This result indicates reallocation of P from roots to leaves and shoots, with enhanced root phosphatase activity to increase N and P availability in the soil [42] . In contrast to our results, Xiang et al. [43] showed that biochar fertilization significantly increased the root P concentration but did not change the root N concentration of crops. These inconsistent findings may be associated with different nutrient absorption and reallocation strategies of trees and crops. Significantly increased NSC concentrations in leaves (except under high biochar addition) and roots under the three biochar addition rates for PM and under low biochar addition only for CL (Figure 3g ,h) suggests that the changes observed in plant and soil nutrients and stoichiometry may reflect a change in investment into photosynthetic machinery for both species [42] . For example, Rees et al. [34] found that 5% (w/w) biochar fertilization had no effect on shoot production of Noccaea caerulescens subsp. caerulescens but significantly increased root surface area and root biomass. Hence, the difference in nutrient reallocation under biochar addition in our study may have resulted from the different nutrient utilization strategies and environmental adaptation of the two species.
Previous studies have suggested that a shift in the N to P ratio indicates changes in plant traits, species diversity and growth [38] . In our study, a significantly reduced N to P ratio (<14) in leaves and shoots (Figure 4a ,b) and an increased P concentration leaves and shoots for CL (Figure 3e,f) suggests that nutrient resorption caused by biochar fertilization has a different effect on N and P relationships in different forest species. This indicates that CL may have a higher growth rate, which has been found to be associated with lower N to P ratios [44] , affirming the relationships between the ratio of N to P in needle and plant growth [8] . These findings indicate the importance of balancing the absorption of nutrients as a potential forest management strategy [45] . In our study, low biochar addition and medium biochar addition significantly increased the sugar to starch ratio in the leaves and roots (Figure 4d,f) of PM, and all three biochar addition dosages significantly decreased the sugar to starch ratio in the roots of CL (Figure 4f ), suggesting that different species have different adaptive strategies to changes in the soil environment under biochar addition. PM may reallocate more sugar in leaves and roots to promote growth by nutrient absorption from biochar, or different species may have different renewable energy resources for long-term growth [46] . Razaq et al. [14] found that biochar (application levels of 10, 15, and 20 g per plant) significantly increased the N concentration and C to N ratio in fine roots of Acer mono after 120 to 140 days compared to the control (p ≤ 0.05), indicating a positive interaction between biochar particles and roots. In conclusion, our findings show that biochar addition has a major influence on C:N:P partitioning in different forest tree species through different plant absorption strategies [47] .
In this study, significantly enhanced soil C:N and C:P for both PM and CL (Figure 1d -f) under biochar fertilization was a key factor in soil chemical property changes, suggesting that a shift in soil stoichiometry may alter the amount of nutrients available for microorganisms by increasing available soil N and P and by fixing N [48] . In our study, the increases in STN and STP observed under high biochar addition were related to the C concentration in leaves, the NSC concentration in shoots, and the N concentration and N to P ratio in roots ( Table 4 ), suggesting that the available N and P from biochar influenced tissue nutrient absorption. This result indicates that changes in the bioavailability of macroand micronutrients in plants induced by biochar addition are beneficial for plant growth [49, 50] . Macdonald et al. [51] suggested that significant relationships between plant biomass and increased pH values benefit from increased P concentration. However, a lower biochar dosage did not significantly enhance total N and P concentration in the soil in this study, indicating that the soil did not absorb enough N and P from the biochar [34] , even if root and base diameter growth were improved by biochar addition, but that did not satisfy aboveground parts' nutrient demand [5] . In our study, we found significant correlations between soil C:N and soil microbial community compositional changes (data not shown), suggesting that the increase in soil C:N was the key factor contributing to changes in microbial composition under higher addition rates.
The study of Bell et al. [52] showed that the leaf N to P ratio was significantly positively correlated with the soil N to P ratio for grass species. Fan et al. [21] showed that the soil N:P is strongly related to the plant N to P ratio. In our study, there were no significant relationships between the leaf N to P ratio and the soil N:P, but there was a significant negative correlation with the soil C:P ( Figure 5 and Table 4 ), indicating that different plant species have different incorporation and stoichiometric interactions between the plant and soil. In addition, the stoichiometry of different plant tissues may be associated with the spatial distributions of nutrients and the interactions between the plant and soil. In our study, the N to P ratios in leaves, shoots, and roots were negatively correlated with STP, although only significantly so in roots ( Table 4 ), suggesting that belowground interactions between roots and soil were more important than aboveground interactions under biochar fertilization. This result indicates that the increase in STP may be directly associated with the decrease in the N to P ratio in roots and other plant compartments [53] . Further long-term research is required to understand the interaction mechanism of plant and soil stoichiometry by changing root morphology and nutrient absorption under biochar fertilization.
Conclusions
Biochar fertilization did not significantly alter plant biomass fine root length and fine root surface area, but higher fertilization rates significantly increased soil organic C and total N and P, which directly led to an increase in soil C:N and C:P. The enhancement of plant net height and net diameter by biochar addition could be attributed to an increase in the N and P concentrations in leaves or shoots, or to greater absorption of available nutrients via changed root morphology (1.0-2.0 mm for PM and 0-0.5 mm for CL). Biochar fertilization enhanced the contribution of soil stoichiometry, tissue P concentration, and the ratio of sugar to starch on plant growth. Overall, our findings suggest that biochar fertilization has a profound effect on root traits and aboveground-belowground stoichiometry of PM and CL. However, literature is scarce regarding the interaction of biochar, root traits, and stoichiometry, and further studies are needed to explore the mechanisms and potential applications of these relationships.
